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Abstract
Despite most of the applications of anatase nanostructures rely on photo-excited
charge processes, yet profound theoretical understanding of fundamental related prop-
erties is lacking. Here, by means of ab-initio ground and excited-state calculations we
reveal, in an unambiguous way, the role of quantum confinement effect and of the sur-
face orientation, on the electronic and optical properties of anatase nanosheets (NSs).
The presence of bound excitons extremely localized along the (001) direction, whose
existence has been recently proven also in anatase bulk, explains the different optical
behavior found for the two orientations when the NS thickness increases. We suggest
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also that the almost two-dimensional nature of these excitons can be related to the
improved photo-conversion efficiency observed when an high percentage of (001) facet
is present in anatase nanocrystals.
Among semiconducting oxides, TiO2 is the most widely used for energy and environmen-
tal oriented applications. Since 1972 when Fujishima and Honda discovered the phenomenon
of photo-catalytic water splitting by shining TiO2 nanoparticles with ultraviolet (UV) radia-
tion,1 a plethora of works has appeared in literature dedicated to the study of this manifold
and extremely appealing material.2–5 In this regard, nanostructured TiO2 based materials
are largely investigated due to the enhancement of the surface area and to the observed im-
provement of photo-chemical and photo-physical activity with respect to the bulk phase.4,6
Great attention is devoted to the study of anatase form which becomes more stable than
rutile at the nanoscale7 and shows superior performances in photo-voltaic (PV) and in photo-
catalytic applications. Among the possible morphological shapes of anatase nano-materials,
the study of (001)-oriented nanosheets (NSs) is becoming particularly attractive in the last
years, thanks to several studies which illustrate different routes of synthesis and thanks to the
indication that, when the (001) facets are the dominant ones, the samples are extraordinary
photo-reactive.6,8–15 Concerning (101) NSs, some works in the last years have also paid atten-
tion to the photo-catalytic activity of anatase nanomaterials with high percentage of these
facets. Peng et al.16 reported excellent photocatalytic activity for samples experimentally
obtained via a ”chimie-douce” plus heat treatment method, showing that a large amount of
2
photoactive sites are present, improving the performances with respect to Degussa samples.
It is important to stress that even if the (001) facets seem to be more photo-reactive than
(101) ones, experiments do not provide homogeneous results. Indeed, in terms of presence of
fivefold Ti atoms at the surface, the (001) facet should be more photoreactive than the (101)
one, but the opposite should be true because highly reductive electrons should be generated
at the (101), being the conduction band minimum higher in energy.17
As a partial explanation for the conflicting results concerning (001) and (101) facet pho-
toconversion activity one could adduce the fact that the stabilization of the (001) ”bulk–cut”
surface, by means of a fluorine mediated passivation technique, is a process that has been
only recently theoretically predicted and experimentally developed,9,11 thus providing a con-
clusive remark about the photoreactivity issue can appear still a quite cumbersome task. On
the other hand, experiments have shown that the (001) surface of anatase TiO2 is much more
reactive than the more stable (101) surface.18 In particular, in the photocatalytic oxidation
process the (001) termination is the main source of active sites.15,19 Anyway, the presence of
less reactive {101} facets characterizes the vast majority of anatase nanocrystals. According
to these findings, it is expected that TiO2 NSs with exposed {001} facets have an enhanced
photocatalytic activity compared to those nanoparticles where larger is the amount of (101)
terminations.9,19 To further stress the dualism in terms of photoreactivity between the two
facets, it is worth pointing out that novel PV technologies based on organic-inorganic halide
perovskites20 highly rely on the chemistry of anatase NSs. It is interesting to observe that
the power conversion efficiency (PCE) of mesoscopic CH3NH3PbI3/TiO2 heterojunction so-
lar cells depends on the TiO2 NS facet exposed. When the (001) is the dominant one a PCE
of the device double than that obtained with the (101) facet is reported.21
Surprisingly, despite the large number of scientific works, even on bulk anatase, funda-
mental properties like the exact value of its electronic gap or the presence of a strongly bound
two-dimensional exciton have been only very recently clarified as a result of a combined ex-
perimental and theoretical effort.22 Furthermore the impact of quantum-confinement (QC)
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effect on the electronic and optical properties of anatase nanostructures, is still under de-
bate. This is due, on one side, to the fact that experiments reach contrasting results, being
often influenced by several factors, like synthesis conditions, presence of defects dopants and
co-dopants,23–25 and on the other hand to the lack of results obtained by means of predictive
quantum-mechanical excited-state calculations. Then our goal here is to investigate the role
played by QC effect, focusing both on the electronic and optical properties of (001) anatase
NSs of increasing thickness and using the (101) NSs to point out also the role of different
orientations.
For this reason, we have specifically selected NSs with the simplest surface models, avoid-
ing reconstructed and/or hydroxylated facets, with the idea to leave to future investigations
the study of many-body effects in NSs with less ideal surface motifs. By means of Den-
sity Functional Theory (DFT) and post-DFT excited-state (namely GW ad Bethe-Salpeter
Equation(BSE)) calculations, we demonstrate the mismatch between electronic and opti-
cal gap, with the latter mainly associated to the presence of strongly bound bidimensional
excitons, confirming the results recently reported by Baldini et al.22 for the bulk anatase.
Ground-state atomic structures have been relaxed using DFT,26,27 as implemented in the
VASP package,28 within the generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE).29 The Blo¨chl all-electron projector augmented wave (PAW) method30 has
been employed. For Ti atoms a 12e potential has been employed along with a cut-off energy
set to 500.0 eV for the plane wave basis. A force convergence criterion of 0.035 eV/A˚ has
been chosen, while different samplings Gamma centered of the Brillouin zone have been
employed according to the lateral dimension of the system under investigation. Using the
relaxed atomic structures we performed further relaxation of the atomic structures using
the Quantum Espresso package31 in a consistent PBE scheme but using norm-conserving
pseudopotentials with a plane-wave expansion of 2450 eV of cutoff. Then self-consistent
and non self-consistent calculations have been performed to obtain DFT-KS eigenvalues
and eigenvector to calculate the quasi-particle (QP) energies in GW approximation and
4
optical excitation energies solving the Bethe-Salpeter equation (BSE)32–35 by means of the
many-body code YAMBO.36 For the GW simulations a plasmon-pole approximation for the
inverse dielectric matrix has been applied,37 136 eV (952 eV) are used for the correlation
Σc (exchange Σx) part of the self-energy and the sum over the unoccupied states for Σc and
the dielectric matrix is done up to about ∼50 eV above the VBM. In order to speed up the
convergence with respect empty states we adopted the technique described in Ref.38 Finally
when the QP energies and eigenfunctions are known, the optical properties are calculated
by solving the Bethe-Salpeter equation (BSE) where the electron-hole interaction is also
taken into account .36,39,40 A k-points grid of 10 × 10 × 1 (10 × 5 × 1) has been used in
the GW and BSE calculations for (001) [(101)] sheets. A cutoff in the coulomb potential in
the direction perpendicular to the sheet, has been used in the excited state calculations to
eliminate the spurious interactions along the non periodic direction and to simulate a real
isolated nanosheet41 . Since our goal is mainly to analyze the role of quantum confinement
we focus first on four (001)-oriented anatase NSs of increasing thickness. Then in order to
capture the role of the surface orientation, we perform simulations also on two (101)-oriented
NSs of different thickness. For the (001) we use a (1×1) cell with the lattice parameter
equal to the bulk one, allowing a full relaxation of the atomic positions. We adopt this
choice because we consider the experimental conditions of the delamination process along
[001] direction of anatase13 and we aim to compare the results with the corresponding bulk
data. Two asymmetric Ti-O bonds (1.74 and 2.24 A˚) at surface are formed. In a previous
work,42 where we focused on anatase and lepidocrocite thinnest sheets, we have named
this structure Anatase-AS2. Despite the asymmetric Ti-O bond structure has not been
detected experimentally, the larger stability of the asymmetric bond type with respect to
bulk-terminated symmetric one is widely predicted at the theoretical level.43 This result
can be ascribed to the residual stress amount present in the reconstruction. We focus on
(001)-oriented NSs formed by two, four, six, and eight atomic layers with an estimated
atomic thickness of 0.36, 0.80, 1.3, and 1.8 nm, respectively. The lateral views of two of
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these atomic structures are shown in the insets of Fig.1. Concerning the (101) orientation
we assemble two NSs with thickness of about 0.95 nm and 1.65 nm, respectively and using
a 1×1 cell in the surface plane. Similarly to the (001) sheets, we have kept the in-plane
lattice parameters frozen to the bulk optimized value, i.e. 3.78 × 10.24 A˚, to focus only on
the confinement effects. The QP bandstructures of two (001) and two (101) oriented NSs
(blue curves) of different thickness, plotted along the high-symmetry directions X→ Γ→M
(where X = (0.5,0,0), Γ=(0,0,0) and M= (0.5,0.5,0) in reciprocal lattice units), are shown
in Fig. 1. Few conduction and valence bands around the Fermi energy, calculated at the
DFT-KS level, are also reported (gray lines). First of all we can observe that the self-energy
correction to the KS gap increases reducing the sheet thickness and is larger than the value
found in anatase bulk which is of the order of 1.4 eV (see ref.22 for more details). This
is consistent with the fact that the dielectric screening reduces decreasing the size of the
nanostructure.44 Moreover, at a given thickness, a small but not negligible k-dependence of
the QP correction is found and for this reason we avoid the use of a rigid scissor operator to
open the unoccupied bands. We finally point out that the indirect gap character typical of
anatase bulk remains in all the considered NSs, both at DFT and QP level of approximation.
For a comparison with anatase bulk band structure, obtained at the same level of theoretical
approximation, we refer the reader to Fig.5 of ref.22 Fig.2(a) shows the optical spectra of the
(001) anatase nanosheets (for light-polarized ⊥ to the c-axis) compared to the corresponding
optical spectrum of anatase bulk. Self-energy, local-fields, and excitonic effects are included
through the solution of the Bethe-Salpeter equation. It is important to underline that due
to the depolarization effect42,45,46 the optical spectra for light depolarized perpendicularly to
the nanosheet (not reported here) are almost zero when, as in the present study, the single-
particle approach is overcome taking into account local-field effects. First of all we note
that increasing the sheet thickness, the position of the first optical peak rapidly recovers the
bulk-like position. Moreover, from the analysis of the optical spectrum in terms of excitonic
eigenvalues and eigenvectors, we know that, while in the bulk the first optical peak (at
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∼3.8 eV) corresponds to a bright exciton (indicated by B in the figure) and any lower dark
exciton is present, in the NSs several excitons with weak oscillator strength appear, where
the position of the first one is indicated in the figure by D. Fig.2(b) shows the corresponding
optical spectra calculated for the two (101)-oriented NSs. In this case a larger QC effect with
respect to the other orientation is clearly visible. As we will discuss later on, this different
behavior due to quantum-confinement is strictly related to the spatial character of the first
exciton.
To further illustrate the role of quantum-confinement in Fig.3 we report the value of the
direct and indirect QP electronic gaps together with the energy of the first bright exciton as
function of the (001) sheet thickness; since we considered only two (101) sheets of different
thickness we did not include the corresponding data for this orientation.
As reported in previous literature (see i.e. refs.44,49,50) focusing on the size dependence of
the electronic and optical gaps in semiconducting nanostructures, the direct QP electronic
gap values are fitted with the scaling law Ebulkgap +C/d
α, where Ebulkgap is the bulk gap value and
d is the NS thickness. Similar scaling laws have been used to fit the indirect QP electronic
gaps and the energies of the first bright excitons (B).
Still looking at Fig.3, it is clear that the electronic and optical gaps have a different
behavior decreasing the thickness of the nanosheet. Indeed, the electronic QP direct and
indirect gaps remain larger than the corresponding bulk value for the considered thicknesses.
This can be explained by the fact that the self-energy correction, due to the reduced dielectric
screening and localization of the wavefunctions, strongly increases reducing the NS thickness.
The scaling exponents able to fit the direct and indirect gaps are 1.05 and 0.88, respectively.
Similar exponents (∼1) have been obtained in previous works44,49,50 that take into account
the many-body self-energy corrections in nanostructures of different dimensionality.
On the other hand, as the NS thickness increases, the optical (excitonic) direct gaps
converge more rapidly to the corresponding optical direct gap of the bulk. Again this finding
is consistent with previous studies of many-body effects in low-dimensional materials42,44,50
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Figure 1: Quasi-Particle bandstructures (blue lines) of the 4L, and 8L (001) and 3L and 5L
(101) NSs. To show the entity and the small k-dependence of the QP correction some PBE
conduction and valence bands are also reported (gray). The QP corrections were calculated
on a regular grid and band interpolation was performed following the method of Ref.47 using
the WanT package48
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Figure 2: Optical spectra of bulk, anatase (001) and (101) for light polarized ⊥ c-axis. First
Dark (D) and Bright (B) exciton are also indicated. For NSs the intensities are renormalized
to their effective thickness.
and can be explained in terms of compensation of the induced polarization effect present
both in the quasi-particle self-energy and in the Bethe-Salpeter kernel. In other words, for
the optical data, the convergence is reached as soon as the bulk-like excitonic wave function
is contained in the NS thickness which is at d ∼ 2 nm.51 As already observed in other
studies,44,50 the scaling exponent able to fit the optical data results larger (for the anatase
nanosheets is 1.97) than the value used to fit the electronic QP gaps. It is worth observing
that although this value is very similar to 2 − the exponent of the ideal particle-in-a-box
model − the physics of the exciton described here is completely different and this value can
be understood only in terms of the cancellation of the induced polarization effect which is
present both in the GW and in the BSE kernel that then rapidly cancels out as the size of
the nanostructure increases.
We aim now to discuss the spatial character of the first bright exciton (B) of the (001)-
9
Figure 3: Direct (squares) and Indirect (diamonds) electronic (QP) gaps; first bright (circles)
excitons (BSE) as function of NS thickness. Scaling law fits ' 1/dα, where d is the NS
thickness, are similarly reported. The red (blue) and yellow solid lines represent the QP
direct (indirect) and optical direct gap in bulk.
and (101)-oriented NSs and to compare it with the corresponding character recently found
by Baldini et al. in anatase bulk.22 Indeed, the direct optical gap of single crystal anatase is
dominated by a strongly bound exciton, rising over the continuum of indirect interband tran-
sitions, which possesses an intermediate character between the Wannier-Mott and Frenkel
regimes and displays a peculiar 2D wavefunction in the 3D lattice.
By fitting the exciton wavefunction with a 2D hydrogen model, the exciton Bohr radius
results ∼ 3.2 nm, while the 90% of the excitonic squared modulus wavefunction is contained
within 1.5 nm.22 The top panel of Fig.4 reports the exciton spatial distribution for the (001)-
NS (d = 1.8 nm), showing the same high degree of spatial localization, along the c-axis,
observed in bulk (see ref.22), while the bottom panel reports the corresponding distribution
for the (101) sheet of thickness d = 1.6 nm. In both cases, fixing the hole position (blue-light
ball in the figure) in the proximity of a bond that an oxygen atom forms with a titanium
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one, the probability to find the photo-excited electron in or near the (001) crystallographic
plane where the hole has been created is large, while it rapidly decreases along the [001]
direction.
It is worth pointing out that this localized behavior is substantially the same placing
the hole in different positions and that it holds both in the case the hole is fixed in a bulk
(shown in Fig.4) or in a sub-surface position (not shown here). The analysis of the dark states
(not shown here) does not provide noticeable differences in the spatial exciton localization
plots with respect to the bright exciton case. Furthermore, from the corresponding analysis
of the (001) nanosheet we have found that the B-exciton is composed by the mixing of
single-particle vertical transitions mainly at Γ (with smaller contribution from points near
it) between VBM-1 to CBM+1 and VBM-4 to CBM, while for the D-exciton the involved
transition is that from VBM to CBM, still at Γ. From the spatial analysis of these states they
are mainly localized in the central part of the sheet. Minor contribution from other points
near Γ and other bands like VBM-3 to CBM,CBM+1 and VBM-2 to CBM,CBM+1 occurs.
This finding is consistent with what observed in bulk, where the excitonic wavefunction of
the first bright exciton results formed by the mixing of transitions from VBM ,VBM-1 to
CBM along the Γ→ Z direction (where the bands near the gap are almost parallel, see Fig. 5
of ref.22). Indeed, it is important to recall that all the points along the bulk Γ→ Z direction
are folded in Γ in the (001) nanosheet.
Then from this specific, quasi 2D, spatial distribution of the exciton, mainly induced by
the lattice geometry (see ref.22 for more details), we can deduce some conclusions. Due to
the extreme localization of the exciton along the [001] direction, when the hole is created in
a bulk position the exciton does not touch the surfaces already for thickness of the (001) NS
of the order (or larger) of 1.8 nm. As consequence, as we have shown in Fig.2, a bulk-like
behavior of the optical spectrum is rapidly recovered in the (001)-oriented NSs, while a larger
QC effect is visible in the (101) NSs of comparable thickness, due to the fact that in this
case the excitonic wavefunction extends up to the two surfaces, remaining confined.
11
Moreover, we suggest that it could contribute to the larger photo-reactivity often reported
in anatase nanostructures when a large percentage of (001) facets is present. Indeed recent
experiments have shown that i) in the photo-catalytic process the reduction and oxidation
reactions preferably occur on (100)/(101) and (001) facets, respectively52 ii) the thickness
of anatase nanocrystals when a large percentage of (001) facets is present, is thinner in the
[001] than in other crystallographic directions.53 These two facts, in addition to the observed
exciton spatial distribution, suggest that when a large percentage of (001) facet is present,
the photo-excited hole can easily reach the (001) termination, especially if created not far
from it and, at the same time, due to the delocalized nature of the exciton in the (001) plane,
there is a non-zero probability to collect instantaneously the electron at other terminations,
like the (101) surfaces. Although at the moment this is only a speculation, we point out
that recent works in organic54,55 and hybrid organic-inorganic56 PV materials show that the
presence of extremely delocalized coherent excitonic bound states, due to the low dielectric
screening, can contribute to enhance the photo-conversion efficiency.
To summarize, by means of the Bethe-Salpeter equation solution, we have here investigated
the excitonic behavior of anatase nanosheets with majority and minority surface orientation.
In particular, for (101) and (001)-oriented NSs, we have focused on quantum-confinement
effects and on the role they play on the optical properties of such NSs. While the former
show a more marked QC ascribed to the exciton confinement induced by the two {101}
delimiting surfaces, in the case of the (001) orientation we instead observe the existence of a
threshold thickness value (∼ 2 nm) above which the bulk optical behavior is recovered. The
specific quasi two-dimensional character of the exciton can be related to the difference in
terms of photo-reactivity between the two orientations, with relevant consequences in devices
exposing the two different facets.
12
Acknowledgments
The authors acknowledge Annabella Selloni for the useful discussions and for kindly read-
ing the manuscript. M.P. acknowledges INFN for financial support through the National
project Nemesys and for allocated computational resources at Cineca with the project INF16-
nemesys and the EC for the RISE Project No. CoExAN GA644076. D.V. thanks Andrea
Ferretti for permitting the use of the developer’s version of the WanT package and ac-
knowledges partial support from the EU Centre of Excellence MaX-Materials Design at the
Exascale (Grant No. 676598). We acknowledge PRACE for awarding us access to resource
Fermi based in Italy at CINECA (Grant No. Pra12 3100 and Pra14 3664 ). G.G. wants to
thank CINECA (ISCRA project ref. HP10C79G0F).
References
(1) Fujishima, A.; Honda, K. Electrochemical photolysis of water at a semiconductor elec-
trode. Nature 1972, 238, 37–38.
(2) Fujishima, A.; Hashimoto, K.; Watanabe, T. TiO2 Photocatalysis: Fundamentals and
Applications ; BKC, 1999.
(3) Diebold, U. The surface science of titanium dioxide. Surf. Sci. Rep. 2003, 48, 53–229.
(4) Chen, X.; Mao, S. Titanium Dioxide Nanomaterials: Synthesis, Properties, Modifica-
tions, and Applications. Chem. Rev. 2007, 2891–2959.
(5) Fujishima, A.; Zhang, H.; Tryk, D. A. TiO2 photocatalysis and related surface phe-
nomena. Surf. Sci. Rep. 2008, 63, 515–582.
(6) Bavykin, V.; Walsh, F. C. Elongated Titanate Nanostructures and Their Applications.
Eur. J. Inorg. Chem. 2009, 2009, 977–997.
13
(7) Gribb, A. A.; Banfield, J. F. Particle size effects on transformation kinetics and phase
stability in nanocrystalline TiO2. Am. Mineral. 1997, 82, 717–728.
(8) Gong, X. Q.; Selloni, A. Reactivity of anatase TiO2 nanoparticles: the role of the
minority (001) surface. J. Phys. Chem. B 2009, 109, 19560–19562.
(9) Yang, H. G.; Sun, C. H.; Qiao, S. Z.; Zou, J.; Liu, G.; Smith, S. C.; Cheng, H. M.;
Lu, G. Q. Anatase TiO2 single crystals with a large percentage of reactive facets. Nature
2008, 453, 638–641.
(10) Liu, G.; Sun, C.; Yang, H. G.; Smith, S. C.; Wang, L.; Lu, G. Q. M.; Cheng, H.-M.
Nanosized anatase TiO2 single crystals for enhanced photocatalytic activity. Chem.
Commun. 2010, 46, 755–757.
(11) Yang, H. G.; Liu, G.; Qiao, S. Z.; Sun, C. H.; Jin, Y. G.; Smith, S. C.; Zou, J.;
Cheng, H. M.; Lu, G. Q. M. Solvothermal Synthesis and Photoreactivity of Anatase
TiO2 Nanosheets with Dominant {001} Facets. J. Am. Chem. Soc. 2009, 131, 4078–
4083.
(12) Han, X.; Kuang, Q.; Jin, M.; Xie, Z.; Zheng, L. Synthesis of Titania Nanosheets with
a High Percentage of Exposed (001) Facets and Related Photocatalytic Properties. J.
Am. Chem. Soc. 2009, 131, 3152–3153.
(13) Mogilevsky, G.; Chen, Q.; Kulkarni, H.; Kleinhammes, A.; Mullins, W. M.; Wu, Y.
Layered Nanostructures of Delaminated Anatase: Nanosheets and Nanotubes. J. Phys.
Chem. C 2008, 112, 3239–3246.
(14) Vittadini, A.; Casarin, M. Ab initio modeling of TiO2 nanosheets. Theor. Chem. Acc.
2008, 120, 551–556.
(15) Selloni, A. Crystal growth: Anatase shows its reactive side. Nature Mater. 2008, 7,
613–615.
14
(16) Peng, C.-W.; Ke, T.-Y.; Brohan, L.; Richard-Plouet, M.; Huang, J.-C.; Puzenat, E.;
Chiu, H.-T.; Lee, C.-Y. (101)-exposed anatase TiO2 nanosheets. Chem. Mater. 2008,
20, 2426–2428.
(17) Pan, J.; Liu, G.; Lu, G. Q. M.; Cheng, H.-M. On the true photoreactivity order of
{001},{010}, and {101} facets of anatase TiO2 crystals. Angew. Chem. Int. Ed. 2011,
50, 2133–2137.
(18) Xiang, Q.; Lv, K.; Yu, J. Pivotal role of fluorine in enhanced photocatalytic activity of
anatase TiO2 nanosheets with dominant (001) facets for the photocatalytic degradation
of acetone in air. Appl. Catal., B 2010, 96, 557–564.
(19) Yu, H. G.; Xiang, Q. J.; Run, J. R.; Mann, S. One-step hydrothermal fabrication and
photocatalytic activity of surface-fluorinated TiO2 hollow microspheres and tabular
anatase single micro-crystals with high-energy facets. CrystEngComm 2010, 12, 872–
879.
(20) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal halide perovskites as
visible-light sensitizers for photovoltaic cells. J. Am. Chem. Soc. 2009, 131, 6050–6051.
(21) Etgar, L.; Gao, P.; Xue, Z.; Peng, Q.; Chandiran, A. K.; Liu, B.; Nazeeruddin, M. K.;
Gra¨tzel, M. Mesoscopic CH3NH3PbI3/TiO2 heterojunction solar cells. J. Am. Chem.
Soc. 2012, 134, 17396–17399.
(22) Baldini, E.; Chiodo, L.; Dominguez, A.; Palummo, M.; Moser, S.; Yazdi-Rizi, M.;
Aubo¨ck, G.; Mallett, B. P. P.; Berger, H.; Magrez, A.; Bernhard, C.; Grioni, M.;
Rubio, A.; Chergui, M. Strongly bound excitons in anatase TiO2 single crystals and
nanoparticles. Nature Commun. 2017, 8, 13.
(23) Serpone, N.; Lawless, D.; Khairutdinov, R.; Pelizzetti, E. Subnanosecond relaxation
dynamics in TiO2 colloidal sols (particle sizes Rp= 1.0-13.4 nm). Relevance to hetero-
geneous photocatalysis. J. Phys. Chem. 1995, 99, 16655–16661.
15
(24) Reddy, K. M.; Manorama, S. V.; Reddy, R. Bandgap studies on anatase titanium
dioxide nanoparticles. Mater. Chem. Phys. 2003, 78, 239–245.
(25) Monticone, S.; Tufeu, R.; Kanaev, A. V.; Scolan, E.; Sanchez, C. Quantum size effect
in TiO2 nanoparticles: does it exist? Appl. Surf. Sci. 2000, 162, 565–570.
(26) Hohenberg, P.; Kohn, W. Inhomogeneous electron gas. Phys. Rev. 1964, 136, B864–
B871.
(27) Kohn, W.; Sham, L. J. Self-consistent equations including exchange and correlation
effects. Phys. Rev 1965, 140, AA1133–AA1138.
(28) Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-
wave method. Phys. Rev. B 1999, 59, 1758–1775.
(29) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made
simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
(30) Blo¨chl, P. Projector augmented-wave method. Phys. Rev. B 1994, 50, 17953–17979.
(31) Giannozzi, P. et al. QUANTUM ESPRESSO: a modular and open-source software
project for quantum simulations of materials. J. Phys.: Condens. Matter 2009, 21,
395502–19.
(32) Hanke, W.; Sham, L. J. Dielectric Response in the Wannier Representation: Application
to the Optical Spectrum of Diamond. Phys Rev Lett 1974, 33, 582.
(33) Hanke, W.; Sham, L. J. Many-particle effects in the optical spectrum of a semiconduc-
tor. Phys Rev B 1980, 21, 4656.
(34) Strinati, G.; Mattausch, H. J.; Hanke, W. Dynamical aspects of correlation corrections
in a covalent crystal. Phys Rev B(R) 1982, 25, 2867.
16
(35) Strinati, G. Application of the Green’s Functions Method to the Study of the Optical
Properties of Semiconductors. Rivista Nuovo Cimento 1988, 11, 1.
(36) Marini, A.; Hogan, C.; Gru¨ning, M.; Varsano, D. yambo: An ab initio tool for excited
state calculations. Comput. Phys. Commun. 2009, 180, 1392–1403.
(37) Godby, R.; Schlu¨ter, M.; Sham, L. Self-energy operators and exchange-correlation po-
tentials in semiconductors. Phys. Rev. B 1988, 37, 10159–10175.
(38) Bruneval, F.; Gonze, X. Accurate G W self-energies in a plane-wave basis using only a
few empty states: Towards large systems. Phys. Rev. B 2008, 78, 085125–9.
(39) Onida, G.; Reining, L.; Rubio, A. Electronic excitations: density-functional versus
many-body Greens-function approaches. Rev. Mod. Phys. 2002, 74, 601–659.
(40) Rohlfing, M.; Louie, S. G. Electron-hole excitations and optical spectra from first prin-
ciples. Phys. Rev. B 2000, 62, 4927–4944.
(41) Rozzi, C. A.; Varsano, D.; Marini, A.; Gross, E. K.; Rubio, A. Exact Coulomb cutoff
technique for supercell calculations. Phys. Rev. B 2006, 73, 205119–13.
(42) Palummo, M.; Giorgi, G.; Chiodo, L.; Rubio, A.; Yamashita, K. The Nature of Radia-
tive Transitions in TiO2-Based Nanosheets. J. Phys. Chem. C 2012, 116, 18495–18503.
(43) Lazzeri, M.; Vittadini, A.; Selloni, A. Structure and energetics of stoichiometric TiO2
anatase surfaces. Phys. Rev B 2001, 63, 155409–9.
(44) Bruno, M.; Palummo, M.; Marini, A.; Del Sole, R.; Ossicini, S. From Si nanowires to
porous silicon: the role of excitonic effects. Phys. Rev. Lett. 2007, 98, 036807–4.
(45) Ajiki, H.; Ando, T. Aharonov-Bohm effect in carbon nanotubes. Physica B: Condensed
Matter 1994, 201, 349.
17
(46) Bruno, M.; Palummo, M.; Del Sole, R.; Ossicini, S. First-principles optical properties
of silicon and germanium nanowires. Surf. Sci. 2007, 601, 2707–2711.
(47) Agapito, L. A.; Ferretti, A.; Calzolari, A.; Curtarolo, S.; Buongiorno Nardelli, M.
Effective and accurate representation of extended Bloch states on finite Hilbert spaces.
Phys. Rev. B 2013, 88, 165127–7.
(48) Ferretti, A.; Bonferroni, B.; Calzolari, A.; Buongiorno Nardelli, M. WanT code.
http://www.wannier-transport.org.
(49) Yan, J. A.; Yang, L.; Chou, M. Y. Size and orientation dependence in the electronic
properties of silicon nanowires. Phys. Rev. B 2007, 115319–6.
(50) Delerue, C.; M., L.; Allan, G. Excitonic and quasiparticle gaps in Si nanocrystals. Phys
Rev Lett 2000, 84, 2457.
(51) Varsano, D.; Marini, A.; Rubio, A. Optical saturation driven by exciton confinement
in molecular chains: a time-dependent density-functional theory approach. Phys. Rev.
Lett. 2008, 101, 133002–4.
(52) Kim, D.; Yeo, B. C.; Shin, D.; Choi, H.; Kim, S.; Park, N.; Han, S. S. Dissimilar
anisotropy of electron versus hole bulk transport in anatase TiO2: Implications for
photocatalysis. Phys Rev B 2017, 95 .
(53) Yang, X. H.; Li, Z.; Liu, G.; Xing, J.; Sun, C.; Yang, H. G.; Li, C. Ultra-thin anatase
TiO2 nanosheets dominated with {001} facets: thickness-controlled synthesis, growth
mechanism and water-splitting properties. Cryst Eng Comm 2011,
(54) Tamura, H.; Burghardt, I. Ultrafast charge separation in organic photovoltaics en-
hanced by charge delocalization and vibronically hot exciton dissociation. J. Am. Chem.
Soc. 2013, 135, 16364–16367.
18
(55) Caruso, D.; Troisi, A. Long-range exciton dissociation in organic solar cells. PNAS
2012, 109, 13498–13502.
(56) Ahmad, S.; Kanaujia, P. K.; Beeson, H. J.; Abate, A.; Deschler, F.; Credging-
ton, D.; Steiner, U.; Prakash, G. V.; Baumberg, J. J. Strong Photocurrent from Two-
Dimensional Excitons in Solution-Processed Stacked Perovskite Semiconductor Sheets.
ACS Appl. Mater. Interfaces 2015, 7, 25227–25236.
19
(0
10
)
(100)
(0
01
)
(100)
(0
01
)
(010)
(1
0-
1)
(010)
(1
01
)
(10-1)
(1
01
)
(010)
Figure 4: Top (left) and side (right) views of the spatial distribution of the first exciton for
the thicker (001) (top panel) and (101) (bottom panel) sheets. The light-blue ball represents
the hole position.
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